• The effect of brown-rot (Coniophora puteana) decay on the water adsorption capacity and concentration of extractives of Scots pine (Pinus sylvestris L.) heartwood were studied by comparing corresponding properties of decayed and undecayed wood samples.
INTRODUCTION
The close relationship between wood and water has a fundamental effect on the properties of wood. Among the most important consequences of the wood-water relationships are the hygro-expansion of wood (Skaar, 1988) and the role of moisture in the biodegradation of wood (Zabel and Morrell, 1992) . The hydroxyl groups of hemicellulose and cellulose have an affinity to bind water molecules by hydrogen bonds, * Corresponding author: martti.venalainen@metla.fi which explains the hygroscopicity of woody cell walls. The dependence of the equilibrium moisture content (EMC) of wood on the relative humidity (RH) of the surrounding air at a constant temperature is described with a sorption isotherm (e.g. Haygreen and Bowyer, 1996; Skaar, 1988) . The sigmoidal form of the sorption isotherm can be satisfactorily explained by the Brunauer-Emmett-Teller sorption theory (BET) (Brunauer et al., 1938) , except at a very high relative humidity (RH 90-100%) (Simpson, 1980) . In order to better explain the sharp increase in the moisture content (MC) of wood at very high humidity, the BET theory is complemented with the theory of capillary condensation (Simpson, 1980; Walker, 1993) . According to this theory, close to the fiber saturation point (FSP) the small voids in wood (diameter less than 1.5 μm) rapidly begin to fill up with capillary water (Griffin, 1977) . It is challenging to experimentally study and model the adsorption behaviour of wood at very high humidity (Griffin, 1977) . However, this is important because the wood material frequently reaches the FSP under normal service conditions, resulting e.g. in a risk of decay.
The hygroscopicity of dried wood enables the MC to increase again over 28-30%, which is a prerequisite for the initiation of fungal degradation. Soon after colonization, the fungi begin to change the physical properties of the wood, including the hygroscopicity. According to the general conclusion presented by Zabel and Morrell (1992) , "the EMC of brownrotted wood is lower than that of sound wood". The sharp drop of EMC in the early stages of brown-rot decay is supposed to reflect the degradation of the most hygroscopic hemicellulose and amorphous cellulose molecules (Zabel and Morrell, 1992) .
Extractives integrated into the ligno-carbohydrate matrix complicate the wood-water-decay relationship in two ways. Firstly, the EMC of wood is affected by the presence of extractives. For example, Celimene et al. (1999) suggested that stilbenes lower the moisture content of pinewood by acting as hydrophobic compounds. Koponen (1985) determined the sorption isotherms of wood and found that the hygroscopicity of extractive-rich Scots pine heartwood was lower than that of the sapwood. Thus the decay resistance of extractive-rich wood may be partly due to the lower EMC. Secondly, the extractives inhibit the degradation processes of the decay fungi. The association between the increasing extractive concentration of Scots pine heartwood and the decreasing degradation rate by the brown-rot fungus Coniophora puteana has been reported in several studies (Harju et al., 2002; 2003; Heijari et al., 2005; Karppanen et al., 2007; Venäläinen et al., 2003; .
As far as we know, no reports have been published on the hygroscopicity of brown-rotted Scots pine wood in high humidity. Neither have we seen any reports on the effect of brown-rot fungi on the extractive concentrations of Scots pine wood.
The aim of this study was to investigate the difference in the water adsorption capacity (expressed as EMC) and the difference in the chemical composition between undecayed and brown-rot (C. puteana) decayed Scots pine heartwood. Moreover, we investigated whether the change in the chemical composition of decayed wood distorts the negative correlation between the result of the Folin-Ciocalteu assay and the decay resistance (Harju and Venäläinen, 2006) . The wood material covered a wide range of heartwood extractive concentrations and, accordingly, a wide range in the stage of decay attained in a 7-week decay test. High air humidity (RH ∼100%) was used in the adsorption experiment because wooden structures are often unintentionally exposed to high humidity.
MATERIAL AND METHODS

Wood samples
The wood material was obtained from a 5.4 ha Scots pine (Pinus sylvestris) stand growing in Leppävirta (62
• 25' N, 27
• 45' E), Finland. The stand was established in May 1968 by planting 2-year-old, bare-root seedlings, managed in the same way as in normal commercial forestry, and thinned in 1997. A sample of 40 trees had earlier been selected from the stand (Harju and Venäläinen, 2006) . The sampling followed a two-stage procedure. First, core samples were taken from a large number of standing trees with an increment borer in March 2003 and screened for the concentration of total heartwood phenolics, after which a sub-sample of 40 trees was felled and measured at the end of September 2003. The felled trees represented the whole range of total heartwood phenolics in the stand.
A 25 cm long stem section was cut from each of the 40 stems at a height of ca. 1 m. A 5 × 15 × 200 mm strip (tangential, radial, and longitudinal dimensions) was cut from the section and oven-dried at 60
• C for 48 h. The dried strip was cut into five 30 mm long blocks (average density 0.384 g/cm 3 , standard deviation 0.043 g/cm 3 ). One of the five blocks was subjected to the water adsorption treatment and one used for the chemical analyses. The remaining three blocks were subjected to an in vitro decay test, after which two of the decayed blocks were subjected to the water adsorption treatment and one to the chemical analyses.
Decay test
VTT Technical Research Centre of Finland carried out the decay test. Three wood blocks per sample tree were exposed to a pure culture of a brown-rot fungus, Coniophora puteana (Schum. ex Fr.) Karst. (strain BAM Ebv. 15), for seven weeks (Harju and Venäläinen, 2006) . The average mass loss of the samples was 22.5% (standard deviation 15.6%), which was determined on oven-dry (60
• C) samples. The texture of decayed wood was examined under a scanning electron microscope (XL30 ESEM TMP).
Determination of water adsorption capacity
The surface of the heartwood blocks was sterilized with ethanol (96%) to prevent the growth of mould, after which the blocks were dried at 60
• C for 48 h and the dry mass was measured. A higher temperature was not used in order to avoid hysteresis. A tightly closed steel tank was half-filled with tap water and the relative humidity of the tank atmosphere (21
• C) was stabilised close to 100% (humidity sensor, Davis Instruments). The blocks were placed on steel racks immediately above the water surface. The decayed and undecayed heartwood blocks were exposed in separate experiments. The similarity of the experimental conditions was controlled by means of an equal set of Siberian larch (Larix sibirica Ledeb.) blocks in both experiments. The mass of the blocks was measured 11 times at increasing intervals. The duration of the test was 388 h (16 d 4 h) for the undecayed samples, and 432 h (18 d) for the decayed samples. After the last measurement the blocks were dried at 60
• C for 48 h, the mass measured, and then dried at 103
• C for 48 h in order to obtain the absolute dry mass. The result of the adsorption test was expressed as the ratio between the mass of adsorbed water and the mass of the 610p2
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• C), equilibrium moisture content (EMC) at RH ∼100%, concentration of total phenolics, and chemical composition of undecayed and decayed heartwood blocks, and the result of sign test (p-values) . n = 39. absolutely dry wood, i.e. as the moisture content (MC). The number of studied trees decreased to 39 since, due to the advanced decay, the blocks of one tree broke into several small pieces, which had to be omitted from the experiment.
Analysis of extractives
Powdered heartwood (50 mg undecayed, 20 mg decayed) was sonicated with 2 mL methanol (p.a.) for 30 min; 0.4 mg diethylstilbesterol (Sigma D 4628) and 0.2 mg m-erythritol (Fluka 45670) were used as internal standards for undecayed heartwood, and 0.1 mg merythritol (Fluka 45670) for sugars and 0.3 mg heptadecanoic acid (Sigma H3500) for fatty acids, resin acids and for stilbenes pinosylvin (PS) and pinosylvin monomethyl ether (PSM) for decayed heartwood. After centrifugation 1 mL extract solution was evaporated to dryness under nitrogen. Before GC/MS analysis, the dried samples were silylated with 0.5 mL 20% TMSI-pyridine mixture (TMSI = 1-(trimethylsilyl)imidazole). The GC/MS analyses were performed using a HP 6890 GC system equipped with a mass selective detector 5973 and HP-5 capillary column (30 m × 0.25 mm i.d., 0.25 μm film thickness). Helium was used as carrier gas, at a flow rate of 1.5 mL/min. For undecayed heartwood the chromatographic conditions were as follows: initial temperature 180
• C; temperature rate 5
• C/min; final temperature 300
• C for 5 min; injector temperature 280
• C and split ratio 1:20, and respectively for decayed heartwood: initial temperature 110
• C; temperature rate 10 • C/min to 180 • C; 3
• C/min to 240 • C; 10 • C/min to final temperature 300
• C and split ratio 1:20. In both cases the MS-interface temperature was 300
• C and ion source temperature 230
• C. Mass spectra were obtained by electron impact (EI mode) ionization energy 70 eV. Quantification was performed using internal standards and pure reagents (Arbonova) for stilbenes PS and PSM, heptadecanoic acid (Sigma H 3500) for fatty acids, 75% abietic acid (Fluka 00010) for resin acids, and m-erythritol for soluble sugars. For the fungal-specific carbohydrates (trehalose, arabitol and mannitol) in decayed heartwood, quantification was performed with m-erythritol corrected by the response with pure reagents.
Analysis of total phenolics by the Folin-Ciocalteu assay (FC assay)
The FC assay was carried out as described in Harju and Venäläinen (2006) . Tannic acid (Merck; 1.59446.0010) was used as a reference standard, and the results are therefore expressed as milligrams of tannic acid equivalents (TAE) per gram dry wood. Heartwood contains compounds other than phenolic compounds, e.g. resin acids and sugars, which react in the FC assay (Harju and Venäläinen, 2006; Prior et al., 2005) . However, we have used the expression "concentration of total phenolics" for the results of the FC assay.
Data analysis
The difference in initial MC (initial MC after drying at 60
• C), in EMC, and in the concentration of extractives and total phenolics between the undecayed and decayed sample sets was tested by a sign test. Spearman's coefficient of rank order correlation was estimated between the tree-wise mass loss and the difference in EMC (EMC decayed -EMC undecayed ).
In order to demonstrate more clearly the effect of the stage of decay we divided the material into three groups (13 trees/group) according to the mass loss of the decayed samples. The first group represented heartwood with an incipient decay (Decayed 1 = mass loss 1-12%), the second one with intermediate decay (Decayed 2 = mass loss 13-30%), and the third one with advanced decay (Decayed 3 = mass loss 31-49%) during the 7-week decay test. Another three groups including the undecayed samples (Undecayed 1-Undecayed 3) of the corresponding trees were created for the comparison.
RESULTS
The average MC was low in Scots pine heartwood blocks dried at 60
• C and there was no significant difference between the MC of decayed and undecayed samples (Tab. I). In the moistening experiment, where water was abundantly available in the atmosphere, the water adsorption capacity of the decayed heartwood proved to be significantly higher than that of undecayed heartwood. Due to the wide variation in the stage of decay in the material, the variation in EMC at high humidity, expressed as CV%, was three-fold larger in the decayed samples than in the undecayed ones (Tab. I). Furthermore, there was a statistically highly significant correlation between the tree-wise difference in the EMC (EMC decayed -EMC undecayed ) and the mass loss of heartwood: the difference increased along with increasing mass loss (Fig. 1) .
The average group-wise development of water adsorption as a function of the exposure time is demonstrated by adsorption curves in Figure 2 . Within a few hours at high humidity (RH ∼100 %), the decayed heartwood showed stronger hygroscopicity than the undecayed one at each stage of decay (i.e. Decayed 1 versus Undecayed 1 etc.) (Fig. 2) . Furthermore, the water adsorption capacity of heartwood with incipient decay appeared to differ considerably from that with advanced decay soon before the equilibrium phase was reached (Fig. 2b) .
The concentration of stilbenes (PS and PSM), resin acids and free fatty acids decreased along with increasing decay, while the concentration of total phenolics and soluble sugars increased (Tab. I). The difference between the concentration of stilbenes, free fatty acids and total phenolics in the undecayed and in the decayed heartwood was significant (Tab. I). In addition, we found the fungal carbohydrates arabitol, mannitol and trehalose (Söderström et al., 1988; Tibbett et al., 2002) in the decayed heartwood (Tab. I). The tree-wise observations showing the association between the mass loss and the relative change in the concentrations of stilbenes, resin acids, free fatty acids and soluble sugars are presented in Figure 3 , and between the mass loss and the relative change in the concentration of total phenolics in Figure 4 .
DISCUSSION
The degradation by a brown-rot fungus, C. puteana, progressively increased the water adsorption capacity of Scots pine heartwood in an extremely humid atmosphere. This result, which is contrary to the widely held assumption (Zabel and Morrell, 1992) , applies to humidity conditions that are difficult to model and to control in an experiment, but which represent the ordinary service conditions for timber. The adsorption curves presented in this report differ from the conventional adsorption curves: only one relative humidity was applied, and the change in MC of the samples was followed as a function of time. The MC of the decayed wood blocks increased until about 20% within one day. According to the BET theory (Brunauer et al., 1938; Simpson, 1980) , that was the phase of mono-and multilayer adsorption. The increase in MC above 20% up until FSP at high humidity can be explained by the theory of capillary condensation (Brunauer et al., 1938; Griffin, 1977; Simpson, 1980; Walker, 1993) . Thus our results primarily reveal the increased capacity of brown-rot decayed Scots pine heartwood to adsorb water vapour by capillary condensation.
The increased capacity for capillary condensation can be explained by the structural changes in decayed wood. The degradation of the cell walls and the increased cavity formation (Flournoy et al., 1991; Highley et al., 1983; Rawat et al., 1998) , especially in the S 2 layer (Kleist and Schmitt, 2001; Larsen et al. 1995; Lee et al., 2004) , might have increased the number of capillaries as well as the surface area. In our material these kind of changes were visible in the scanning electron microscope (SEM) image (Fig. 5) . Not only the number, but also the size of capillaries is important at high humidity. The radius of a capillary that is able to fill up with water increases from 0.01 to 1.06 μm when the relative humidity increases from 90% to ∼100% (Walker, 1993) .
In addition to the changes in the structure of the cell walls, the hygroscopicity of decayed wood may differ from that of sound wood owing to the presence of fungal mycelium. For example, Jones and Worrall (1995) found that about 7% of the residual mass of pinewood blocks after a 7-week decay test was fungal biomass. However, we do not know how the hygroscopic properties of fungal biomass differ from those of wood.
Several studies have been carried out on the effect of decay on the hygroscopicity of wood. In these studies, a large number of tree and fungus species have been used, and there is considerable variation in the decay stage and in the experimental humidity conditions. Rawat et al. (1998) studied Scots pine sapwood decayed by C. puteana (mass loss values 23.5%, 32%, 48%), and found that the hygroscopicity of decayed sapwood was higher than that of undecayed sapwood below RH 37%, but lower above RH 37% up until RH 93%. The MC of their decayed material varied from about 0.05 to 0.17. Winandy and Morrell (1993) studied brown-rot decayed Douglas fir heartwood (mass loss range 2.5-19.8%). They found that the hygroscopicity of decayed wood was slightly higher, and suggested that the increased EMC from 0.117 to 0.127 at 25
• C and RH 65% reflected the increased initial availability of water-binding sites and the lack of utilization of carbohydrate decomposition products. Anagnost and Smith (1997) studied brown-rot decayed red maple sapwood (mass losses 12.5% and 24.5%) and heartwood (mass loss 5.2%). They found the hygroscopicity of decayed samples to be lower than that of undecayed samples at RH 40, 68 and 80%. It is not possible 610p6
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In addition to the changes in the hygroscopicity of wood we also discovered a change in the concentration of extractives due to fungal degradation. The average concentration of stilbenes, resin acids and free fatty acids decreased in the decayed heartwood (Tab. I). This indicates that C. puteana was able to degrade or modify the structure of these compounds at a faster rate than it degraded the main constituents of the cell wall. Thus it seems that the brown-rot fungus eliminates stilbenes (PS, PSM) and resin acids, which are considered to act as decay-inhibiting extractives (Celimene et al., 1999; Henriks et al., 1979; Karppanen et al., 2007; Rennerfelt, 1945; Scheffer and Cowling, 1966) , before utilizing hemicellulose and cellulose, its principal source of nutrients. At the tree-wise level the relative change in the stilbene concentration depended on the mass loss, but the relationship was not linear (Fig. 3a) . The relationship is difficult to interpret because the mass loss was dependent on the initial concentration, e.g. the trees that had lost nearly 100% of their stilbenes had a low initial stilbene concentration and had high mass loss values after the 7-week decay test. The relative change in the concentrations of resin acids (Fig. 3b) and free fatty acids (Fig. 3c ) does seem to depend on the mass loss as strongly as the relative change in stilbenes. The variation among the individual trees is clearly evident in the scatter plot figures (Fig. 3) . In Figure 3a there are five trees in which the decrease in the relative stilbene concentration was slow compared to the mass loss. These trees were the thinnest ones in the material (diameter in heights of 1.3 and 3.5 m), but we could not find any explanation for their deviating behaviour.
Soluble sugars showed a different kind of pattern than the other extractives (Fig. 3d) . The concentration of soluble sugars decreased at a low mass loss level. This supports the hypothesis that fungi use sugars as a source of energy during the incipient stage of decay (Goodell, 2003) . In contrast, we have no plausible explanations for the strong average increase and wide variation in the concentration of soluble sugars at the intermediate mass loss levels (Fig. 3d) . The existence of fungal sugars in the decayed heartwood was explained by the presence of mycelia within the tracheids, which was verified with the SEM.
The FC assay has been found to be a suitable method for predicting the decay resistance of Scots pine heartwood (Harju and Venäläinen, 2006; Heijari et al., 2005) , despite the fact that it is an unspecific method that also detects compounds other than phenolics, e.g. resin acids and sugars (Harju and Venäläinen, 2006; Prior et al., 2005) . In the decayed heartwood, the relative concentration of stilbenes and resin acids decreased along with increasing mass loss, while the concentration of compounds detected by the FC assay increased strongly (Fig. 4) . Obviously constituents other than stilbenes and resin acids were responsible for the strong response in the decayed heartwood. Possible constituents could be fungal sugars or degradation products of hemicelluloses, cellulose and lignin (Goodell, 2003) . Anyhow we suggest that already decayed heartwood material should be avoided when applying the FC assay for predicting the decay resistance.
CONCLUSIONS
In contrast to the widely held belief, at extremely high humidity the hygroscopicity of brow-rotted Scots pine heartwood appeared to be significantly higher than that of undecayed heartwood. This information might be valuable e.g. when carrying out repairs on buildings damaged by advanced brownrot decay. Furthermore, according to our results, the brownrot fungus radically changed the extractive concentrations of Scots pine heartwood: the concentrations of stilbenes, resin acids and free fatty acids decreased, while the concentration of soluble sugars increased as a result of decay. The increase in the concentration of total phenolics, determined by the FC assay, obviously reflects chemical changes in cell wall constituents other than extractives.
